An Additional Effect of Tropospheric Refraction on the Radio
Tracking of Near-Earth Spacecraft
at Low Elevation Angles

C. C. Chao and T. D. Moyer

Tracking and Orbit Determination Section

The current tropospheric calibration in DPODP assumes that the direction of
the ray path after it exits from the troposphere is parallel to the true line-of-
sight. Such an assumption will induce a sizable error for near earth tracking at
low elevation angles. This report examines such effect and gives the additional
corrections to the present tropospheric calibration for near-earth tracking.

l. Introduction

As an operational simplification, the tropospheric cor-
rections employed in the JPL Double Precision Orbit
Determination Program assume that the direction of the
ray path after it exits from the troposphere is the same
as it would be if there were no atmosphere. This assump-
tion, for distant spacecraft, is consistent with the formu-
lation of the current orbit determination software which
had as one of its design goals the ability to compute
range differences (obtained by counting doppler over a
tracking pass, ~12 h for deep space probe) to an accu-
racy of 0.1 m. The error in the tropospheric range
correction caused by the above approximation to the
ray-path direction is shown to be less than this 0.1-m
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design goal for Earth-spacecraft distance greater than
5 X 10* km (8 earth radii). However, for low-orbiting
earth satellites, failure to account for the true ray-path
“exit” direction can cause errors exceeding 1 m in the
differential tropospheric refraction correction applied
during a tracking pass to the counted doppler at low
elevation angles. An earlier paper (Ref. 1) indicated the
similar effect for optical data.

Three types of trajectories were investigated, and the
results indicated that such additional effect becomes in-
significant when the range of the spacecraft is greater
than 8 earth radii or when the elevation angle is greater
than 10 deg.
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Il. Analysis

The current model of troposphere correction used in
the JPL Double Precision Orbit Determination Program
(DPODP) was derived under the assumption that the
direction of the ray path after it exits from the tropo-
sphere is parallel to the true line-of-sight (Ref. 2). The
range and range rate correction for either down leg or

up leg is computed by the following empirical formulae:

20 = 50 | ) M
Aply) = (%) <é> [ (sin Fl+ By (sin cl+ B)H]
(@)

where A and B are constants determined empirically,
and

y = elevation angle
N,; = surface refractivity of station i
= = doppler averaging time in seconds
F=+v+ (+/2)%
G=v—(1/2)7

y = rate of elevation angle change

The range correction made by Eq. (1) can be explained
geometrically from Fig. 1. For a spacecraft at S with an
elevation angle y and a distance p, away from the track-
ing station O, the range correction is the difference be-
tween the ray path OGS and the true range OS, where
GS’ is parallel to OS under the previous assumption. The
line SS’ is perpendicular to both OS and GS’. The range
rate correction made by Eq. (2) is the rate of change of
range correction from Eq. (1) for the given elevation
angle. For deep-space spacecraft, the range becomes so
large compared to the distance h that the true ray path
OKS tends to coincide with the assumed ray path OGS’
from the above formulae. For near-earth spacecraft, the
exit-ray path direction becomes no longer parallel to
the true line of sight OS and consequently, the range and
range rate corrections made by the above formulae will
induce an error which is a function of p and h. To ac-
count for such additional correction, the following analy-
sis is made.
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The true correction for range when the spacecraft is
at S in Fig. 1 should be the difference between the ray
path OKS* and the true range OS or p, which can be
expressed as:

Aprre (y) = OKS — OS
= (OKS — OT) — (OS — OT)

where OT is parallel to KS and ST is normal to both of
them. Thus the quantity OKS — OT is just the range
correction by the current formula (Eq. 1) at a slightly
different elevation angle y, (Fig. 1).

Aprrue (v) = 3p(y2) — p(1 — cos 2a)

(3)

= Ap(y — Aa) — $p(Aa)* + ...

Since Aa is small we can expand Ap(y — Ae) in a
Taylor series and neglect second-order terms:

dAp
Apreaely) = Aply) — 4

Aa — %p (Qe)? (4)
v

The first term on the right hand side gives the range
correction at y when the spacecraft is assumed at infinity,
and is the current DPODP correction (Eq. 1). The re-
maining two terms are the additional correction for near-
earth spacecraft.

The range-rate correction, by definition, is the time
derivative of the range correction. From Eq. (4) with
Aa = h/p (Fig. 1) we have

, dap 1 dap dh
Aprrae(y) = 84(y) — _(E}— via — 'ETY'-(—{; (2a)

1 dAp R . dh .
=== p(da)* = —— 7(2a) + Fp(de)?
R dy

dy
(5)

The first term corresponds to the DPODP correction
by Eq. (2). The five remaining terms are additional cor-
rections. Two terms among the five are of second order
in Aa. However, before we know the magnitude of p
which is contained in the two terms, it is better to retain

1The propagation time along OGS’ multiplied by the speed of light C.
>The propagation time along OKS multiplied by the speed of light C.
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them for this analysis. Let us define these additional
corrections for range and range-rate as §p and 8, re-
spectively. One can rewrite them as:

dAp h
8Mﬁ=—<g;+§>m (6)
53(y) = _dZAp + <l dAp+l dh ]
ET I T >E yaa
[1day 1]
+ _Zd_y'*'é‘ p(Aa)? (7)

The two derivatives, d*Ap/dy* and dap/dy can be ob-
tained from the ray trace program (Ref. 3). An expres-
sion for the offset h is derived as follows.

From the triangle CBK in Fig. 1, we have

sin ¥ _ sin CBK
CB ~ T CK 8)
which will lead to
h = OB _[ Ry sin ¥ R]
= COS v, = m o | COS y. (9)

Since
v: = 90deg — (¢ + ¥)

h = Rysin ¥ — R, sin (¢ + ¥) (10)

The quantities R, and R, are the distances from geocen-
ter to the tracking station O, and the outer edge of the
troposphere, respectively. The angles ¢ and ¥ are the
results from the ray trace program.

lll. Computed Results and Discussion

The derivatives in Eqs. (6) and (7) together with the
distance of the ray path deflection h were computed by
the ray trace program and plotted in Figs. 2 to 4 for low
elevation angles where the additional effect 8p, §p be-
comes important. A bi-exponential profile of refractivity
(Np = 290, Hp = 7.0 km, N, = 40, H, = 2.0 km) was
assumed in the calculation.
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The value of A« depends on the elevation angle and
the range of spacecraft (Aa = h/p). For a given elevation
angle, the additional range correction 8p (Eq. 6) is in-
versely proportional to the range p. The variation of 8
with elevation angle and range is plotted in Fig. 5. The
solid curves are the equal 8p lines. For instance, at 1 deg
of elevation the value of 8p decreases from 1 m at
p = 900 km down to 0.1 m at p =~ 9000 km. The two
broken lines represent the variation of range with eleva-
tion angle for two geocentric circular orbits of altitudes
200 and 1000 km. If we follow the circular orbit of
200 km altitude, the additional range error 8p, is about
3 m at zero elevation angle and decreases below 0.1 m
above 3 deg elevation.

When the range increases to the lunar distance, as
seen from Fig. 5, the additional range error §p reduces
to about 0.01 m at zero elevation angle. For interplane-
tary distances, such error is vanishingly small.

Based on the above analysis this additional error needs
correction for 0.1-m design goal only for near-Earth
tracking (p < 4.5 X 10* km) at low elevation angles
(y < 10 deg).

The additional range rate correction §p is a function
of v, p the time rate of elevation angle change ¥ and the
range rate p, all of which depend on the particular geom-
etry of the orbit and the latitude of the tracking station.
Three different types of trajectories were investigated:
(1) Geos—C orbit (SMA = 7674.7 km, apogee = 7860 km,
inclination 20 deg), (2) Lunar orbiter (Surveyor) and
(3) close approach of Mariner Mars 1971 spacecraft. The
values of these additional range rate effects §5 were com-
puted and tabulated in Table 1.

Although such additional effects become negligibly
small for the radio tracking of deep-space probes, it is
recommended that such effects should be considered or
corrected when the DPODP is used for:

(1) Those deep space or lunar missions having low
elevation angle tracking data during the launch
phase (p < 4.5 X 10* km) which is important for
the orbit determination, i.e., the 0.1-m precision in
integrated doppler is required in this period.

(2) The orbit determination of earth satellites with the

same required precision and the data at low eleva-
tion angles are desirable.
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Tabie 1. Additional error in range rate due to troposphere

5

Type of orbits

Range rate, mm/sec

Elevation angle v,

range, km
At 0 deg | At 0.5 deg| At 1 deg | At 5 deg

Geos C 14 8.2 4.9 0.2
(Altitude == 1300 km)
Lunar Orbiter 1.2 0.7 0.4 0.1
(3.7 x 109 X 107 X 107 X 107 X 107°
Mariner Mars 1971 0.5 0.3 0.2 0.005
(0.8 x 10% x 107 X 107 X 107 x 107
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Fig. 1. Geometry for the additional tropospheric effect on
radio tracking on near-earth probe
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Fig. 2. Variations of the functions dap/dy and d*ap/dy?
with elevation angle
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Fig. 5. Additional error in range at low elevation angle
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